Erysimum includes 150-350 species distributed in the Northern Hemisphere, with Eurasia being the centre of greatest diversity. It is well known for its taxonomic complexity as a result of overlapping morphological characters. We present the first densely sampled phylogenetic analysis of Erysimum using internal transcribed spacer (ITS) DNA sequences from c. 85% of the species (117 for the first time), representing the full range of morphological variation and geographical distribution. We used several approaches to reconstruct phylogenetic relationships, dating of diversification and patterns of evolution of morphological characters in the genus. Ancestral-state reconstructions of four morphological diagnostic characters were performed using maximum parsimony, maximum likelihood and Bayesian methods. Our phylogenetic framework strongly supports the monophyly of Erysimum and recovers some well-supported clades that are geographically, rather than morphologically, correlated. Our study confirms the placement of Erysimum in lineage I and reveals two Malcolmia spp. (M. maritima and M. orsiniana) as its sister taxa. The results suggest that the biennial duration and caespitose habit (vs. annual or perennial duration and herbaceous or woody habit) and large, yellow, glabrous (vs. small, non-yellow, pubescent) petals are ancestral in Erysimum. The ancestral-state reconstruction results show that annual vs. perennial and woody vs. herbaceous features have been independently derived several times. The dating analyses suggest an early radiation of Erysimum during the late Pliocene or early Pleistocene.
INTRODUCTION
The Brassicaceae (mustard) family is a morphologically and phylogenetically well-defined group with some 321 genera and c. 3660 species (Al-Shehbaz, 2012) . It is divided into three main lineages with tribe Aethionemeae sister to the rest of the family (= core Brassicaceae; Couvreur et al., 2010) . Erysimeae (including Erysimum L.) and 15 other tribes belong to what has been named lineage I (Beilstein, Al-Shehbaz & Kellogg, 2006) , but relationships among these tribes remain unresolved (Al-Shehbaz, 2012) .
Erysimum is a species-rich genus of 150 (AlShehbaz, 1988 (AlShehbaz, , 2010 to 350 (Polatschek & Snogerup, 2002 ) species, and is taxonomically one of the most challenging genera in Brassicaceae. It is distributed throughout the Northern Hemisphere and occupies various habitats (Polatschek, 1986; Warwick, Francis & Al-Shehbaz, 2006; Koch & Al-Shehbaz, 2009; Fig. 1) . Its major centre of diversity stretches from the Mediterranean Basin into Central Asia. The genus shows considerable morphological variability and different life forms/habits (Jafri, 1973; Michalková, 2001; Polatschek, 2010) . Most species are biennial or perennial herbs with yellow flowers, but a shrubby habit and white, pink, purple or orange flowers can also be found, although rarely. The fruits are dehiscent siliques (in a few cases silicles) with many uniseriate or, rarely, biseriate seeds that usually become mucilaginous when wet. The fruit indumentum comprises medifixed bifid (often termed malpighiaceous) and/or three-to five-(to eight-) rayed, sessile stellate trichomes (Appel & Al-Shehbaz, 2003; Koch & Al-Shehbaz, 2009; H. Moazzeni, pers. observ.; Fig. 1) . Some Erysimum spp. are horticulturally important [e.g. E. cheiri (L.) Crantz, E. perofskianum Fisch. & C.A.Mey.] , and others have medicinal use (E. repandum L.; Caius, 1998) or antimicrobial activity (E. diffusum Ehrh.; Radulović, Dekić & Stojanović-Radić, 2011) . A few species have been studied for floral architecture/ symmetry (E. mediohispanicum Gómez et al., 2008) or pollination biology [E. scoparium (Brouss. ex Willd.) Wettst.; Ollerton, Grace & Smith, 2007; Gómez & Perfectti, 2010] . Around 25% of the described Erysimum spp. have restricted geographical ranges and are confined to a mountain or an island. For example, E. insulare Greene is endemic to the northern Channel Islands of Ventura County, CA, USA (Al-Shehbaz, 2010 ), E. olympicum Boiss. is a local endemic found only in the Enipevs Valley in Greece (Polatschek & Snogerup, 2002) , E. handel-mazzettii Polatschek is endemic to some mountain slopes in Sichuan, China (Zhou et al., 2001 ) and E. scoparium grows only on Tenerife, Canary Islands (Polatschek, 1976) .
Various authors (e.g. Zhou et al., 2001; Polatschek & Snogerup, 2002; Al-Shehbaz, 2010; Polatschek, 2010 Polatschek, , 2011 Polatschek, , 2012 have estimated some 90 Erysimum spp. in East/North/Central/Middle Asia (from China into Afghanistan and Russia, referred to hereafter as the rest of Asia), up to 160 in South-West Asia (Iran, Iraq, Caucasus, into Turkey), c. 70 in Europe and 19-44 in North America. Two species, E. repandum and E. cheiranthoides L., are cosmopolitan weeds. Estimates of the total species number in Erysimum vary from c. 150 to 350 species (Al-Shehbaz, 1988 Polatschek & Snogerup, 2002 ; Al-Shehbaz, Beilstein & Kellogg, 2006; Koch & Al-Shehbaz, 2009 ). This lack of agreement among authors illustrates the notorious taxonomic complexity of the genus. For example, E. passgalense Boiss. was accepted by Polatschek & Rechinger (1968) and recognized by its long style (over 1.5 mm) and a short fruit (2-3 cm), but other authors found these differences unreliable and treated it as a synonym of E. leucanthemum (Steph. ex Willd.) B.Fedtsch. (Dorofeyev, 1987 (Dorofeyev, , 2012 Avetisian, 2011) , E. aucherianum J.Gay (Polatschek, 2011) or E. collinum (M.Bieb.) Andrz. ex DC. (German, 2014) . Furthermore, the small number of diagnostic morphological characters useful for the separation of critical species contributes significantly to this complexity. These problems could reflect rapid radiations in the genus that might have generated cryptic species of almost identical morphology, but which are ecologically and/or geographically isolated (Polatschek & Rechinger, 1968; Abdelaziz et al., 2011) . Otherwise, it could reflect a strong taxonomic bias by various authors.
Erysimum is cytologically diverse, with the highest variation in the base chromosome number (x = 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17) in Brassicaceae . More than 110 species have been analysed for chromosome number and have been found to range from n = 6 to n = 72, suggesting a significant incidence of polyploidy, but this aspect of Erysimum evolution is beyond the scope of the current study.
Erysimum has not yet been subjected to comprehensive molecular systematic study. Previous familywide phylogenetic studies (e.g. Bailey et al., 2006; Beilstein et al., 2006 Beilstein et al., , 2008 Warwick et al., 2007 Warwick et al., , 2010 German et al., 2009; Khosravi, Mohsenzadeh & Mummenhoff, 2009; Couvreur et al., 2010; Liu et al., 2011 Liu et al., , 2012 have included only a small number (one to eight) of Erysimum spp., and therefore have not accurately substantiated its monophyly or relationships to other clades (tribes, genera) of lineage I.
The tribal classification of Erysimum has long been controversial. The genus has been placed in tribes Sisymbrieae (De Candolle, 1821) , Hesperideae (Prantl, 1891; Schulz, 1936) , Arabideae (Hayek, 1911) , Erysimeae (Dumortier, 1827; German & Al-Shehbaz, 2008) , Anchonieae (Al-Shehbaz, 1988) and Camelineae . Since its placement in Camelineae, molecular studies (e.g. German et al., 2009; Warwick et al., 2010; Franzke et al., 2011a) have shown that Camelineae sensu Al-Shehbaz et al. (2006) is not monophyletic and was therefore recently split, with Erysimum (including Syrenia Andrz. ex Boiss. and Cheiranthus L.) being placed in the unigeneric Erysimeae (German & Al-Shehbaz, 2008 .
Here, we present the first densely sampled phylogenetic analysis of Erysimum, using nuclear ribosomal DNA sequences (internal transcribed spacers, ITSs) of c. 85% of the species (at least 150 species) (Al-Shehbaz, 2012) , with 117 newly sequenced taxa, representing the full range of morphological variation and the entire geographical distribution of the genus on all continents. The objectives of this study are: (1) to infer an ITS phylogenetic tree of the genus Erysimum and to test its monophyly; (2) to investigate its phylogenetic position within lineage I; (3) to determine when the genus diverged; and (4) to understand the evolutionary trends of certain diagnostic morphological key characters.
MATERIAL AND METHODS

TAXON SAMPLING
One hundred and twenty-eight Erysimum spp. (referred to hereafter as dataset 'ERY' which includes all Erysimum ITS accessions sampled) were analysed. Our taxon sampling represents the full range of morphological variation and the entire geographical distribution of Erysimum on all continents (Supporting Information, Appendix S1). Plant samples were determined or re-checked by three of us (H.M., I.A.A-S. and D.A.G.) .
ITS (ITS1, 5.8S and ITS2) sequences of 224 species of core Brassicaceae were taken from GenBank and added to our Erysimum ITS dataset (grand total of 351 species, hereafter referred to as dataset 'TRI'; not shown but available on request) to evaluate the tribal placement of Erysimum in lineage I. Two species of Aethionema W.T.Aiton (A. arabicum Andrz. ex DC. and A. grandiflorum Boiss. & Hohen.) served as outgroup taxa Bailey et al., 2006; Beilstein et al., 2006 Beilstein et al., , 2008 .
DNA ISOLATION, AMPLIFICATION AND SEQUENCING
Total genomic DNA extractions were performed from silica gel-dried or herbarium material using the E.Z.N.A.™ SP Plant DNA Mini Kit according to the manufacturer's protocol, or the QIAgen DNeasy Plant Mini Kit (QIAgen, Valencia, CA, USA). For difficult DNA preparations of old samples, we used the 2 × cetyltrimethylammonium bromide (CTAB) extraction protocol (Doyle & Doyle, 1987) . ITS fragments were amplified using the primer pair P17/26S-82R (Popp & Oxelman, 2001) .
Amplification products were purified using Multiscreen PCR (Millipore, Billerica, MA, USA). Sequencing was performed at the Universität Osnabrück (K.M.) or Macrogen, Amsterdam, the Netherlands, using PCR primers P16S/ITS4R (Eggens et al., 2007; Popp & Oxelman, 2007) . In some cases, internal primers were used as described by Oxelman & Lidén (1995) . Sequences were trimmed and assembled using Geneious version 6. 1.2 (Drummond et al., 2013) . Nucleotide polymorphisms were coded using the NC-IUPAC ambiguity codes. A site was defined as polymorphic when incongruent or double peaks were observed in the electropherogram on both forward and reverse strands, and the weakest signal reached at least 25% of the strength of the strongest signal (Fig. 2) . ITS sequences were aligned with MUSCLE as implemented in Geneious under default settings. Alignments were manually corrected in Geneious. Some regions in the dataset (dataset TRI) were difficult to align properly. In these cases, we filtered the alignments using Gblocks, which removes poorly aligned positions. The primary alignments were exported to a server running Gblocks version 0.91b (http://molevol.cmima.csic.es/ castresana/Gblocks_server.html) with the less stringent options selected (Castresana, 2000) .
Although Gblocks is one of the most frequently used programs to assess the quality of alignments, it selects only conserved 'blocks' for further analysis. However, less conserved regions might still be homologous and contain useful phylogenetic signals (Wu, Chatterji & Eisen, 2012) . To tackle this problem, we utilized secondary structure information using RNAsalsa (Stocsits et al., 2009) . Secondary structure information of rRNA data has been advocated to aid in multiple alignment (Parsch, Braverman & Stephan, 2000; Letsch & Kjer, 2011 ) and this approach is becoming more popular (Kjer, 1995; Mallatt & Winchell, 2007;  Letsch & Kjer, 2011; Molina, Wen & Struwe, 2013; Sun et al., 2013) . RNAsalsa uses structural constraints as an input file. The constraint for ITS2 based on Arabidopsis arenosa (L.) Lawalrée was originally retrieved from the Internal Transcribed Spacer 2 Ribosomal RNA Database (http://its2.bioapps.biozentrum.uniwuerzburg.de/). Given that we could not obtain good structural information for ITS1, we folded ITS1 of A. arenosa using the Mfold program at 37°C (folding at 10 and 20°C resulted in identical structures), hosted at the M. Zuker web server (http://mfold.rna .albany.edu/?q=mfold), and coded the structure into dot-parenthesis format based on the RNAsalsa manual. RNAsalsa also requires a preliminary alignment of sequences as an input file. Indels (insertions/ deletions) were coded using 'simple indel coding' (Simmons & Ochoterena, 2000) as implemented in the SeqState software (Müller, 2005) .
PHYLOGENETIC ANALYSIS
Phylogenetic analyses were performed using maximum parsimony (MP), maximum likelihood (ML) and Bayesian inference (BI). All analyses (except ML performed at the CIPRES portal in San Diego, CA, USA; http://www.phylo.org/index.php/portal/) were carried out on the 'Albiorix' cluster (http://130.241 .158.250/wordpress/) at the University of Gothenburg, Sweden.
MP analyses were conducted on each dataset using PAUP* v4.0b10 (Swofford, 2002) . The heuristic searches treated gaps as missing data. Tree construction was achieved via stepwise addition, using 100 replicates with random addition of sequences, tree bisection-reconnection (TBR) branch swapping and MULTREES off. Phylogenetic trees were rooted using the outgroup method. Support for monophyletic groups was evaluated using 1000 bootstrap replicates (Felsenstein, 1985) with ACCTRAN, MULPARS and TBR options employed in a heuristic search using one random addition of sequences.
Bayesian analysis was performed on both datasets (ERY and TRI) using MrBayes version 3.2.1 (Ronquist et al., 2012) . The GTR + I + G model was selected as the best evolutionary model using jModelTest v.2.1.4 (Guindon & Gascuel, 2003; Darriba et al., 2012) . Eight parallel runs of Metropolis-coupled Markov chain Monte Carlo (MCMC) sampling with temperature set to 0.1 were performed for 10 000 000 generations, with one tree sampled every 1000 generations, with the default of three 'heated' and one 'cold' chain and a random starting tree. The final average standard deviation of split frequencies was < 0.01. The quality of the analysis was checked by comparing likelihood values and parameter estimates from different runs in Tracer v.1.5 (Rambaut & Drummond, 2009) , and 25% of the trees were discarded as burnin. The remaining trees were summarized in a 50% majority-rule consensus tree.
The ML analysis was carried out using the RAxML web server (RAxML-HPC2 on XSEDE) available at the CIPRES portal in San Diego, CA, USA (http:// www.phylo.org/index.php/portal/). For this analysis, the option 'Conduct a rapid Bootstrap analysis and search for the best-scoring ML tree in one single program run. (-f a)' was selected, with the final parameter evaluations performed under the GTR + G substitution model. Bootstrap proportions on the ML tree were summarized using Sumtrees from the Python Dendropy library (Sukumaran & Holder, 2010) .
NETWORK
To visualize conflicts in the data as a result of hybridization, we used SplitsTree4 (Huson & Bryant, 2006) under the uncorrected P-distances option to infer a neighbor-net network of the ERY dataset.
TEST FOR RECOMBINATION
Recombination of ITS was tested within the ERY dataset using RDP 3.44 (Martin & Rybicki, 2000) with the following methods: RDP, Geneconv, MaxChi, BootScan/Recscan, SisScan, 3Seq and Chimaera. We selected 0.05 as the P-value cut-off for all methods, and internal references only in the RDP method. A window size of 150 and step size of 20 were used in the BootScan and SisScan methods, and a variable window size was set in the MaxChi and Chimaera methods. Bonferroni correction for multiple testing was on. We considered that recombination was likely if it was accepted by more than two methods. For the remaining settings, we used the default values. Another recombination test was applied using the DualBrothers method (Suchard et al., 2003; Minin et al., 2005) under default values implemented in Geneious version 6. 1.2 (Drummond et al., 2013) .
MOLECULAR CLOCK ANALYSIS
Dating of molecular phylogenetic trees requires reliable calibration points or precisely known rates of molecular evolution (McKenzie, Nigel & Barker, 2008) . As no external calibration points, in the form of a fossil or biogeographical event, are available for Erysimum, we applied a molecular clock using published substitution rates to convert the branch lengths to absolute time. ITS substitution rates for Brassicaceae and other angiosperm groups range from 1.56 × 10 −9 to 8.56 × 10 −9 substitutions per site per year (Kay, Whittall & Hodges, 2006; Huang et al., 2012) . Two substitution
rates (slow and fast) were used as point estimates: 2.5 × 10 −9 substitutions per site per year (Huang et al., 2012 based on Beilstein et al., 2010 as the slow rate and 5 × 10 −9 substitutions per site per year (Kay et al., 2006) as the fast rate.
A general rule for molecular clock analyses is to avoid sampling data with identical or nearly identical sequences. Therefore, we removed species with zero branch lengths and kept one taxon of those grouped together, but with equal branch length. The divergence dating was performed using a reduced dataset of 80 Erysimum spp. with BEAST v. 1.7.4 (Drummond et al., 2006; Drummond & Rambaut, 2007) , which employs a Bayesian MCMC sampling. The molecular data were analysed with the GTR + G substitution model and the Yule tree prior. In most cases, nucleotide sequence divergence between organisms (Brassicaceae included, e.g. Couvreur et al., 2010) does not follow a strict molecular clock. Therefore, we applied an uncorrelated lognormal relaxed clock (UCLD) as implemented in BEAST using published ITS substitution rates. We set a uniform prior on the root height with 0.001 Myr as the lower and 19 Myr as the upper bound in order to calibrate the split of Erysimum versus the rest of lineage I (Franzke et al., 2009; Beilstein et al., 2010) . The MCMC chains were run for 50 million generations (burn-in 10%), with parameters sampled every 1000th step. Tracer v.1.5 (Rambaut & Drummond, 2009 ) was used to check the effective sample sizes for all relevant parameters to be well above 200, and to check that stationarity had probably been reached. Two or more independent MCMC analyses were set to assess the convergence of results. Final trees were edited in FigTree v.1.3.1 (Rambaut, 2009 ).
ANCESTRAL STATE RECONSTRUCTION
With ancestral state reconstruction becoming an increasingly popular approach (Schäffer et al., 2010) , the accuracy of commonly used methods (i.e. MP, ML and BI; see Cunningham, Omland & Oakley, 1998; Cunningham, 1999; Ronquist, 2004; Vanderpoorten & Goffinet, 2006) and taxon selection (Li, Ma & Zhang, 2010) are the subject of conflicting opinions. The importance of conducting ancestral state reconstruction using more than one method has already been demonstrated (Ekman, Andersen & Wedin, 2008) , and therefore our conclusions are based on the recovered trends by all three phylogenetic methods.
The evolution of four morphological characters (habit, petal indumentum and size, and fruit indumentum), which have traditionally been used as diagnostic characters to identify Erysimum taxa (Supporting Information, Appendix S2), was traced over the molecular phylogenetic tree(s) using MP, ML and BI approaches. The morphological data were compiled from morphometric investigation of herbarium material, specimens seen in the field and the literature (Polatschek & Snogerup, 2002; Al-Shehbaz, 2010; Polatschek, 2010, 2011, and references therein; German, 2012) .
The node-density artefact, a result of phylogenetic analysis reconstruction that might cause the branch length to be underestimated in areas of the tree with fewer taxa than in other areas (Fitch & Bruschi, 1987; Fitch & Beintema, 1990) , was checked using the method described by Webster, Payne & Pagel (2003) and Venditti, Meade & Pagel (2006) , as implemented in the web interface http://www.evolution.reading.ac .uk/pe/index.html.
Both MP-and ML-based ancestral state reconstructions were conducted in Mesquite v.2.75 (Maddison & Maddison, 2011) . The 'trace character over trees' option was used to summarize the ancestral state reconstructions over a series of trees. All reconstructions were made over the last 9001 post burn-in trees of the BI, and the ancestral states were summarized on the BI consensus tree. ML reconstructions were performed under a single-rate Mk likelihood model for discrete morphological characters, described by Lewis (2001) . To account for phylogenetic mapping uncertainty, we further evaluated the probabilities of ancestral states calculated from the same 9001 BI trees using the MCMC method in BayesMultiState (Pagel, Meade & Barker, 2004) , as implemented in the BayesTraits 1.0 package. Ancestral states were only reconstructed for seven nodes that were selected based on their high posterior probability support values of the BI. We used reversible-jump MCMC on a single-rate model by constraining all transformation rates to be equal. A reversible-jump hyperprior with an exponential prior was used to reduce uncertainty and arbitrariness of choosing priors in the MCMC analysis. The ratedev value was set to 8, achieving an acceptance rate of proposed changes of between 20% and 40%. The MCMC run was performed with 5 050 000 iterations. Chains were sampled every 100 iterations after a burn-in of 55 000 iterations. The output files were analysed using Tracer v.1.5 (Rambaut & Drummond, 2009 
Alignment using Gblocks
The TRI dataset for the 344 taxa, aligned with Gblocks, had 492 nucleotides with 1.3% gaps. Of the 492 positions, 193 were constant, 57 were variable but not parsimony informative and 234 were potentially parsimony informative.
Alignment using RNAsalsa
The TRI dataset aligned using RNAsalsa (taking secondary structure into account) had 760 nucleotides, of which 19.3% were gaps, 236 characters were constant, 85 were variable but not parsimony informative and 439 were potentially parsimony informative. The secondary structure with the lowest possible energy values of ITS1 and ITS2 of the type species E. cheiranthoides is shown in Figure 3 . Based on the free energy minimization method, six helices (1A-1F) in ITS1 were identified. The ITS1 sequences in stems 1B, 1C and 1E were not easily alignable (using ordinary alignment) between Erysimum and the rest of Brassicaceae unless the stems were marked in the primary sequence. The conserved motif of Liu & Schardl (1994) is present in helix D (Fig. 3A) . In the structural model of ITS2, four helices (2A-2D) were identified, of which helices 2A and 2E were not easily alignable. Stems 2A, 2E and 2F have already been identified in other eudicots (Hershkovitz & Lewis, 1996; Goertzen et al., 2003) . Stem 2B was present in all the genera of Brassicaceae presented in this study (Fig. 3B) .
Phylogenetic analysis
The branching patterns of the phylogenetic trees obtained from the different alignment methods were similar (Fig. 4A-C 
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resolution among Erysimum spp. is low and a basal polytomy was found in all three analyses. However, several subclades with strong support were consistent with the geographical distribution of the taxa and the assignment of morphological characters. Woody (shrubby) species of Erysimum form two monophyletic groups that correlate with geography ( Fig. 5, with asterisk) . Those of the Canary Islands (clade A) are monophyletic, and the non-woody species (in clade A) on these islands are sister to the woody species (PP 1.0; ML bootstrap 68%; MP bootstrap 63%; clade A). The second group of woody species is composed of taxa confined to the Aegean islands and is also monophyletic (PP 1.0; ML bootstrap 76%; MP bootstrap 56%; clade D). Clade C with poor support (PP 0.74; ML bootstrap 51%; MP boot- 
Detection of recombination
The split-graph constructed by the neighbor-net method (see Supporting Information, Appendix S3) exhibits a 'tree-like' structure with only a few small reticulate patterns. Further analyses using RDP3 and DualBrothers showed no evidence for recombination in the ITS dataset.
Divergence time estimation
Dates obtained in BEAST analyses with the 'slow' and 'fast' substitution rates (see Molecular clock analysis section in Material and methods) are presented on the basis of their 95% highest posterior density (HPD) in Table 3 (see also Fig. 6 ). All estimates had effective sample sizes of > 3476. The approach that used the slow substitution rate dated the stem node age of Erysimum to a mean divergence time of 7.0 Myr; the fast substitution rate gave a mean of 3.3 Myr. Based on the mean estimated dates, Erysimum was estimated to have diverged some time during the Pliocene (2.33-5.2 Mya; The reconstruction of character evolution of the two-state characters of both the second (petal indumentum) and third (petal size) morphological traits studied revealed that the glabrous petals > 10 mm evolved first. Small pubescent flowers have evolved more recently and independently several times in Erysimum species (Appendix S4; Tables 4 and 5 ).
The fruit indumentum, which is a valuable character in the delimitation of Erysimum spp., showed equivocal ancestral states with a likelihood of 62% for stellate hairs, 20% for bifid hairs and 17% for bifid or trifid (or 4-fid) hairs (Appendix S4; Tables 4 and 5 ). Bayesian analysis confirms the above-mentioned results with a (Tables 4 and 5) .
DISCUSSION
The present work is the first extensive molecular phylogenetic study of Erysimum. It is based on a comprehensive taxon sampling (c. 85% of the genus in total; 117 for the first time) that covers the full spectrum of morphological variation and geographical range. Although the phylogenetic tree inferred in the present study relies on ITS only, and the limited utility of using only one marker has already been pointed out (Álvarez & Wendel, 2003; Koch et al., 2007; Franzke et al., 2009; German et al., 2009) , the outcome of our phylogenetic analyses, coupled with evidence from morphology, distribution and ecology, represents a significant step towards a better understanding of questions of diversification, character evolution and circumscription of Erysimum taxa. Although the ITS data in principle represent a single locus tree, this tree provides a backbone on which to formulate hypotheses to be tested with additional data in the future.
TRIBAL ASSIGNMENT OF ERYSIMUM
As evidenced from previous family-wide studies of Brassicaceae (e.g. Koch et al., 2007; German et al., 2009; Khosravi et al., 2009; Couvreur et al., 2010; Warwick et al., 2010) , Erysimum clearly belongs to the evolutionary lineage I (introduced by Beilstein et al., 2006) that includes 15 tribes (Al-Shehbaz, 2011 Koch et al., 2012b) . However, its phylogenetic position in this lineage has not been fully resolved and varied considerably among previous studies. These differences, at least partly, were influenced by incomplete sampling of relevant groups of tribes, a well-known basis of artefactual but strongly supported topologies (Rydin & Källersjö, 2002) . The most complete studies with regard to the coverage of various lineage I representatives are those of Couvreur et al. (2010) and Warwick et al. (2010) , but they presented different topologies for Erysimum. The former study showed a poorly supported relationship to Camelineae, Turritideae and, especially, Oreophytoneae, whereas the latter study placed Erysimum as sister to the rest of lineage I. Our results do not confirm the latter topology, but also do not contradict the obvious lack of a close relationship of Erysimeae to any of the currently recognized tribes of lineage I. Instead, our data strongly show that M. orsiniana and M. maritima are most closely related to Erysimum (Fig. 4) Askerova of Conringieae], was first observed by Warwick et al. (2007) and later by Khosravi et al. (2009) . Our data indicate that Malcolmia s.s. should be further split into two groups, of which the eastern Mediterranean M. maritima (the generic type) and its relatives with sessile, stiff, two-to four-rayed trichomes and x = 8 chromosome number are related to Erysimeae. The western Mediterranean group with soft, multi-rayed, short-stalked stellate trichomes and chromosome numbers of x = 10 or 12 should be placed in another genus closely related to Maresia Pomel of tribe Anastaticeae. As a result, tribe Malcolmieae, which was synonymized with Anastaticeae (Al-Shehbaz, 2012), should be reinstated. The East Mediterranean Malcolmieae differ substantially from Erysimum in having three-or four-rayed trichomes with unequal rays [vs. three-to five-(eight-) rayed trichomes with equal rays], acuminate or acute and strongly two-lobed stigmas with decurrent, connivent lobes (vs. obtuse and entire or slightly to moderately two-lobed stigmas with diverged lobes) and emarginate (vs. entire) petals. The taxonomic adjustments have already been proposed (Al-Shehbaz et al., 2014) to treat the East Mediterranean Malcolmieae as a unigeneric tribe of 12 taxa (six species) closely related to Erysimeae and to place the West Mediterranean taxa in the new genus Marcus-Kochia Al-Shehbaz in tribe Anastaticeae.
MONOPHYLY OF ERYSIMUM AND INFRAGENERIC
RELATIONSHIPS
Although Erysimum appeared to be non-monophyletic in some earlier studies (see next section), our densely sampled ITS phylogenetic tree clearly suggests that Erysimum is monophyletic. However, the phylogenetic trees are not fully resolved, and some additional conclusions are preliminary because some clades lack strong support. Although many terminal clades show correlations between phylogenetic groups and geographical distributions, such correlations are not supported by morphology. For example, clade A (Fig. 5) contains almost all West European species, which are quite diverse morphologically. The same is true for clades B (South-West Asian), C (mostly Tibetan/ Himalayan), D (East European), E1 (mostly rest of Asia) and F (North American) (Fig. 5) .
Apart from the possible presence of hybrid species and fast radiation in Erysimum (see the timing of diversification below), another explanation for the lack of phylogenetic resolution of the ITS tree might be the large number of described species compared with the young age of the genus. Most of the recently described species are based on single or trivial and poorly understood differences. It is likely that the number of such 'species' is overstated. The taxonomic complexity suggests recent and rapid radiations that probably did not allow sufficient time for complete sorting of ancestral polymorphisms among ITS copies to diverge.
ITS ALIGNMENT UNCERTAINTY
The quality of a sequence alignment has a large impact on the final phylogenetic tree (Thomson & Shaffer, 2010; Wu et al., 2012) . The ITS region, which is the most popular phylogenetic marker in Brassicaceae (reviewed in Al-Shehbaz et al., 2006) , includes indels which might be critical for the building of meaningful alignments. However, the high level of variation of ITS sequences in highly diverged groups, combined with the variation in indels, makes it difficult or perhaps impossible to construct unambiguous alignments. Errors in alignments are not totally avoidable, which might therefore be one of the main reasons for the uncertainty in the tribal placement of Erysimum. For example, an 8-bp insertion (Table 1) has been identified around aligned position 199-208 bp (AAAGTTTC) using a regular alignment method (i.e. using MUSCLE under standard settings with further manual corrections performed in Geneious, see Material and methods). Although this insertion might not affect the topology of the tree, a larger inversion has been shown to do just that in Ranunculus L. (Joly et al., 2010) . As a result of poor taxon sampling, none of the previous ITS studies in Erysimum reported these indels. Nonetheless, the use of secondary structure provided useful anchor points to guide the alignment in detecting such indels that are otherwise difficult to determine with popular automated methods such as Muscle or MAFFT. Moreover, the presence of conserved helices in all genera of Brassicaceae makes homology assessments much easier. These helices, 2A, 2E and 2F (Fig. 3B) , are reported in other families, such as Gentianaceae (Molina & Struwe, 2009) , Asteraceae (Goertzen et al., 2003) and Vitaceae (Molina et al., 2013) , indicating that these secondary structures have evolved independently across various families. Regardless of the alignment methods, however, all analyses showed that tribe Erysimeae is monophyletic and, contrary to earlier studies, not closely related to Cardamineae, Camelineae and/or Physarieae.
EFFECT OF USING NON-FUNCTIONAL PARALOGOUS
SEQUENCES
Although rDNA arrays evolve through concerted evolution, some markers contain considerable variation of paralogues and/or pseudogenes (Buckler, Ippolito & Holtsford, 1997) . Erroneous phylogenetic trees caused by the use of pseudogenes have already been reported for Brassicaceae (Gazzani et al., 2009 ) and other angiosperms (e.g. Buckler et al., 1997; Mayol & Rosselló, 2001) . Although the present study shows that Erysimum is monophyletic, Warwick et al. (2007) raised the possibility of its polyphyly because E. witmannii Zaw. fell outside of its clade in that study. The sequence of E. witmannii used by Warwick et al. (2007) was taken from Francisco-Ortega et al. (1999) . Our phylogenetic network (not shown) demonstrates that their sequence does not match with the sequence from our E. witmannii specimen. A BLAST search did not show any fungal or algal contamination. We reconstructed the secondary structure of ITS1 for both accessions and compared the highly conserved motif (Liu & Schardl, 1994 ; GGCRY-(4 to 7n)-GYGYCAAGGAA) in ITS1 in both. The secondary structure shows that the divergent ITS allele reported by Francisco-Ortega et al., (1999) is a non-functional paralogue, because the conserved motif does not form a hairpin structure (see Fig. 7) . Thus, the apparent polyphyly of Erysimum can easily be explained by the inclusion of this paralogous copy in the phylogenetic analysis of Warwick et al. (2007) . The present study provides the first attempt to date the Erysimum diversification. However, the results must be interpreted with caution as estimates of divergence time ideally need reliably dated fossils or reliable molecular substitution rates, both of which (with respect to Erysimum and Brassicaceae) are the subject of conflicting opinions (cf. Franzke et al., 2009 , 2011a , b vs. Beilstein et al., 2010 . The dating results show that Erysimum evolved in the late Miocene (slow substitution rate) or the Pliocene (fast substitution rate), with the diversification accelerating during the late Pleistocene. However, recent work (e.g. Franzke et al., 2011a, b; Karl et al., 2012; Koch et al., 2012a; Karl & Koch, 2013) has suggested that the divergence time of Beilstein et al. (2010) , from which our slow substitution rate is derived, is overestimated. Although the results using different mutation rates do not differ much, the following discussion refers to results estimated with a 'fast' substitution rate (see Results).
All of the present dating analyses infer a Pliocene origin of Erysimum, most probably in South-West Asia and/or East Europe (with regard to species richness and number of endemic species) at about 3.5 Mya. The first colonization of other parts of Asia dates back to 2 Mya. South-West Europe (mainly Spain) and North Africa, including the Canary Islands, were colonized between 0.5 and 1.1 Mya ( Fig. 6 ; Table 3 ).
The evidence (number of endemic species, young age of American species) supports our suggestion that Erysimum is certainly of Old World origin, and that it reached the New World during the Pleistocene ( Fig. 5 ; Table 3 ). Therefore, the ancestors of North American species might have migrated via either Europe or eastern Asia. The weedy and widespread E. cheiranthoides is somewhat morphologically and phylogenetically (Fig. 5) close to North American representatives of the genus. It grows from lowland to alpine areas in North America and Eurasia. However, if long-distance dispersal is not accounted for, the migration from Europe to North America might not have been feasible, as the connection between the two continents was broken by the early Eocene (Tiffney, 1985; Tiffney & Manchester, 2001) . As the area of highest species number in Erysimum is western rather than eastern North America, a more plausible route would be the migration into North America via the Bering land bridge. This scenario has been suggested for genera of Brassicaceae, such as Braya Sternb. & Hoppe (Warwick et al., 2004a) , Descurainia Webb & Berthel. (Goodson, Rehman & Jansen, 2011) , Draba L. (Koch & Al-Shehbaz, 2002) , Lepidium L. (Mummenhoff, Brüggemann & Bowman, 2001 ) and Smelowskia C.A.Mey. (Warwick et al., 2004b) , and for genera of other families, such as Androsace L. of Primulaceae (Schneeweiss et al., 2004) , Gentianella Moench (von Hagen & Kadereit, 2001) and Halenia Borkh. (von Hagen & Kadereit, 2003) of Gentianaceae, Hordeum L. of Poaceae (Blattner, 2006) and Senecio mohavensis A.Gray of Asteraceae (Coleman et al., 2003) . However, of the 16 (following Al-Shehbaz, 2010) native North American Erysimum spp., only five are included in this study. Therefore, further work with more samples from America will be necessary to better understand the evolutionary history of New World Erysimum.
EVOLUTION OF MORPHOLOGICAL CHARACTERS
Life form (character 1) Most Erysimum spp. are biennials or perennials, and many are caespitose, especially in alpine and subalpine areas (Fig. 1) . Seven species (four included in this study) are annuals that appear throughout the ITS phylogenetic tree, suggesting independent evolution of the annual habit in Erysimum. It has already been shown (Karl & Koch, 2013 ) that changes in life form between 'species-poor annual' and 'species-rich perennial' taxa are frequent in Arabis L. and, perhaps, Brassicaceae, and could play an important role in the diversification of the family.
Woody habit evolved independently in some Erysimum spp. from the Aegean and Canary Islands (Fig. 6) , and they form two separate monophyletic groups (PP 0.85; Fig. 5 , clade A; Appendix S4A, clade VII). Herbaceous species of West Europe and North Africa (see below; PP 1; Fig. 5 ) are the closest relatives of woody Macaronesian species. This evidence suggests that woodiness is a homoplasious apomorphy in Erysimum.
There are two opposing hypotheses on the origin of woody taxa. The first, advanced by Darwin (1859), suggests that some woody taxa of islands were derived from continental herbaceous ancestors (now called insular woodiness; Lens et al., 2013 ; see also García-Verdugo et al., 2014) . The second hypothesis proposes that woody island species are evolutionary remnants of primary woody taxa (Bramwell, 1972; Carlquist, 1974) .
The origin of woody taxa from herbaceous ancestors has already been demonstrated in other genera of Brassicaceae, such as Descurainia (Goodson, Santos-Guerra & Jansen, 2006; Goodson et al., 2011) and Matthiola W.T.Aiton (Jaén- Molina et al., 2009) . Oceanic island floras reveal a high proportion of woody species in relation to their predominantly herbaceous continental relatives (Panero et al., 1999 and references therein; Lens et al., 2009; Lens et al., 2013) . Ancestral state reconstruction and divergence time dating indicate that the shift from herbaceous to woody habit in Erysimum occurred during the Pleistocene (Fig. 5) .
Flower (characters 2 and 3)
Flower size and the presence vs. absence of trichomes on the outer surface of the petals have been used for the identification of Erysimum spp. in traditional classifications (Polatschek & Snogerup, 2002; Polatschek, 2010 Polatschek, , 2011 . Our results indicate that glabrous petals and petal size < 10 mm are plesiomorphic traits (Appendix S4B, C; Tables 4 and 5) and that pubescent petals evolved several times independently in the genus.
Fruit indumentum (character 4)
Trichome morphology is extremely important in the taxonomy of Brassicaceae (Rollins & Banerjee, 1976) . Recent studies (e.g. Beilstein et al., 2006 Beilstein et al., , 2008 have indicated that dendritic, medifixed and stellate trichomes and other branching types probably evolved independently several times in the family. The indumentum type has long been considered as the hallmark of Erysimum taxonomy, a genus exclusively characterized by sessile, medifixed, bifid to stellate hairs. Based on ML and BI analyses, the reconstruction of the ancestral state of indumentum type is equivocal (Appendix S4D; Table 3 ).
CONCLUSIONS
We present the first densely sampled phylogenetic analysis of Erysimum using nuclear ribosomal DNA sequences (ITSs) of 85% of the c. 150 species (117 for the first time), representing the full range of variation and geographical distribution of the genus. Molecular dating and biogeographical analyses indicate that diversification of Erysimum most probably began in the Pliocene in the Mediterranean Basin and SouthWest Asia. Erysimum reached America during the Pleistocene. The evidence presented here clearly demonstrates the monophyly of the genus, and we demonstrate that previous reports suggesting polyphyly can be explained by their reliance on diverged, nonfunctional copies of ITS. Although we did not find evidence for recombination or conflicts in the ITS data as a result of hybridization, the phylogenetic hypotheses presented here should be tested using additional molecular markers from the nuclear, plastid and mitochondrial genomes.
